I. INTRODUCTION
T O SATISFY the increasing demand for network bandwidth, the deployment of optical networks is moving more and more toward the home-user's premises. Since costs are a major issue in these access networks, low-cost optical filtering and switching functions need to be devised. Integrated optical microring resonators (MRs) are viable candidates for these functions as they combine a small footprint with a highly selective filter function [1] - [3] . An important component in which the filter function and small size of MRs can be applied effectively is a wavelength-division-multiplexing (WDM) router. Fig. 1 shows a possible four-channel implementation of such a router [4] . This router consists of five four-way optical add-drop multiplexers (OADM). In this router, the WDM input signal is first separated into individual channels by an OADM. Each of these channels is then guided into one of four additional OADMs that eventually drop these channels to one or several of the four output waveguides . The OADMs can be implemented using AWGs or Mach-Zehnder interferometers (MZIs). OADMs based on AWGs are generally large devices since AWGs can only split channels, and thus require additional components like switches, while MZI-based OADMs require multiple MZIs for the selection of a single channel. An OADM based on MRs [5] with radii in the order of tens of micrometers, however, allows for extremely small-area devices. Due to the highly selective MR filter characteristic, a minimum component implementation of a four-channel OADM can already be realized with four MRs while additional switching functionality is easily implemented [6] . The first column of Fig. 1 shows such an implementation where each MR drops an incoming channel to one of the outputs when its resonance frequency corresponds to that of the incoming channel. In this letter, the design, fabrication, and measurements performed on a four-channel thermally tunable MR-based OADM are presented.
II. DESIGN AND FABRICATION
The OADM was designed as shown in Fig. 2 . It consists of a central waveguide and four add-drop waveguides. These waveguides are spaced at 250 m to allow for a standard fiber-array connection. The size of the OADM, 1.25 0.2 mm , is mainly determined by this spacing. A single MR is located at each intersection of the central and add-drop waveguides. The cross-grid waveguide approach [4] , [5] , in which the two waveguides that couple to the MR cross each other, leads to some crosstalk but is also the most efficient geometry for the OADM. Each of the four MRs can be thermally tuned. Fig. 2 also shows the three-dimensional geometry and cross section of a single MR. The microring has a radius of 50 m, a height of 190 nm, and a width of 2.5 m, giving an (transverse electric (TE) at 1550 nm).
In the current device, the 50-m radius was chosen because it gives a free-spectral range (FSR) that is smaller than the thermal tuning range, allowing full FSR tuning. In addition, phase matching of the microring to the port waveguides is easily obtained. The microring is vertically coupled to these port waveguides which are 2 m wide, 140 nm high, and have a (TE at 1550 nm). Both the MR and the port waveguides are designed primarily for TE operation. The low aspect ratio of both the MR and port waveguides is a consequence of lithographical limitations and the use of stoichiometric Si N ( at 1550 nm), which limits the waveguide thickness in order to avoid material stress and related layer cracking.
The OADM was fabricated by depositing 140-nm low-pressure chemical vapor deposition (LPCVD) Si N on top of 8-m thermally grown SiO [7] , [8] . The Si N waveguides were then etched using reactive ion etching (RIE). A 1-m LPCVD tetraethylorthosilicate (TEOS) separation layer was deposited on top of the waveguides. For the ring resonators, a 190-nm Si N layer was deposited and structured by RIE. A 4-m-thick layer of PECVD SiO was deposited next. The device was then annealed at 1150 C to remove N-H bonds. Subsequently, the 200-nm-thick chromium heaters were defined using liftoff. The heaters are optimized for speed versus power consumption for this specific device where only four heaters are used. It is, however, possible to reduce to power consumption by 50%-90% at the cost of increased switching time for more complex devices. Fig. 3 shows a close-up of a fabricated OADM. The four add-drop and central waveguides are clearly discernable as well as the omega-shaped heater elements on top of the four microring resonators. The inset shows a pigtailed and packaged OADM chip. The chip measures 10 9 mm and contains a total of four OADMs of which only the center OADM is connected to two fiber arrays. 
III. MEASUREMENTS
The pigtailed OADM was measured using a broad-band source and an optical spectrum analyzer with a resolution of 0.1 nm. Fig. 4 shows the responses measured at when the broad-band source was connected to for two distinct configurations which were set by thermally tuning the MRs. In these configurations, the OADM drops the channels present on to the drop ports . These dropped channels are visible as dips in the port. In the "four-single channel" configuration, a total heater power of 446 mW was required to set the MR resonance frequencies on a 100-GHz ITU grid (spaced at 0.8 nm). The minima of the individual MR through responses are 12 dB below the normalized input power level. A fit of the individual MR responses to a theoretical MR model showed amplitude coupling constants and of 0.56 0.04 and 0.44 0.04, respectively, at ring losses of 1.5 0.5 dB/cm. The measured FSR and finesse were 4.18 nm and 10.3, respectively, giving a full-width at half-maximum of 0.41 nm GHz . For the "single combined channel" configuration in Fig. 4 , the resonance frequencies of the individual MRs were tuned to overlap each other. This increased the power extracted from the channel to give a minimum of 30 dB relative to the normalized input power level. The configuration could be set while dissipating only 20 mW due to the fact that the MRs already had resonance frequencies within 0.1 nm of each other, showing good fabrication uniformity. The change between configurations could be made in 1 ms. Fig. 5 shows the normalized responses measured at when the broad-band source is connected to the different add-ports . In this configuration, the MRs select a channel from these ports and add it to . The MRs are tuned as in the "four-single channel" configuration.
The minima of the individual MR drop responses are 17 dB below the normalized output power level. The effects of the adjacent MRs on an add channel can also be observed, for instance in the add response of the first resonator. Here, the three (indicated by arrows 2, 3, 4) MRs that follow the first MR, drop power from the main channel which shows up as dips in the response. Using the parameters obtained from the fit to the responses in Fig. 4 , the channel crosstalk of the device was calculated [8] to be 11.7 dB. Fig. 6 shows the normalized responses measured at when the broad-band source is connected to . The MRs now select a channel from and drop it to . Responses similar to those of Fig. 5 are seen. The dips in the spectrum, caused by the other MRs, are deeper than those seen in Fig. 5 which is due to the asymmetry in the coupling constants that give a different through response depending on which waveguide is used as input or drop port.
IV. CONCLUSION
The feasibility of a reconfigurable add-drop multiplexer with thermally tunable Si N MRs has been shown and two configurations have been characterized. The results show that an MR-based OADM can be an attractive solution in access networks as they allow single-user services as well as multicasting because multiple rings can be tuned to the same channel. Recent measurements in a laboratory network demonstrator have shown promising results at 40 Gb/s [9] , indicating, among others, that applications in an access network will probably not be limited by the bandwidth of our device. The current FSR of 4.18 nm allows for a maximum of five channels to be dropped on a 100-GHz grid. In order to extend the number of channels, the FSR can be enlarged by using smaller rings or with the aid of Vernier-based [10] configurations. Combining several MRs into higher order filters will also reduce the current crosstalk of 11.7 dB.
